This study examines the antimicrobial activity of silver nanoparticles incorporated into nanostructured membranes made of cellulose acetate (CA) and blends of chitosan/poly-(ethylene oxide, CTS/PEO) and prepared by electrospinning. The formation of chemically synthesized Ag nanoparticles (AgNPs) was monitored by UV-visible spectroscopy (UV-Vis) and characterized by transmission electron microscopy (TEM). The size distribution of the AgNPs was measured by dynamic light scattering (DLS), with an average size of approximately 20 nm. The presence of AgNPs on the surface of electrospun nanofibers was observed by field emission electron microscopy (FEG) and confirmed by TEM. The antimicrobial activity of AgNPs incorporated into nanostructured membranes made of CA and CTS/PEO electrospun nanofibers was evaluated in the presence of both Gram-positive bacteria, such as Staphylococcus aureus ATCC 29213 and Propionibacterium acnes ATCC 6919, and Gram-negative bacteria, such as Escherichia coli ATCC 25992 and Pseudomonas aeruginosa ATCC 17933. Microbiological results showed that the presence of AgNPs in CA and CTS/PEO nanostructured membranes has significant antimicrobial activity for the Gram-positive bacteria Escherichia coli and Propionibacterium acnes.
INTRODUCTION
The use of metal nanoparticles in various medical and biotechnological applications is one of the most investigated areas in materials science. These applications require appropriate chemical functionalization of the nanoparticles with organic molecules or their incorporation into polymer matrices (Dallas, Sharma, Zboril, 2011) . Among the numerous types of nanoparticles that have been used to decorate polymers, silver nanoparticles (AgNPs) are the most researched, due to their electronic properties (Líu et al., 2010; Tricoli, Pratsinis, 2009; Chen et al., 2010) , and optical (Zeng et al., 2007) , catalytic (Severin et al., 2007; Signori et al., 2010) and antimicrobial activities (Panacek et al., 2006; Kvitek et al., 2008; Prema, Raju, 2009; Chaloupka, Malam, Seifalian, 2010) .
Recently, there has been increasing interest in studying nanostructured biopolymers with antimicrobial characteristics for their immense potential use in devices that require a high antiseptic character. Recent studies have shown that an especially lucrative opportunity lies in applying these polymeric nanostructures in the medical field (Abdelgawada, Hudsona, Rojas, 2014; Chaloupka, Malam, Seifalian, 2010; Dallas, Sharma, Zboril, 2011) . The literature contains a great deal of studies demonstrating the successful application of these nanostructures in the healthcare, pharmaceutical and cosmetic industries for repairing and regenerating the skin and organs; as drug delivery vectors and therapies; biocompatible and biodegradable implants; in medical diagnosis and instrumentation; as tissue protective agents that guard against infection; and in cosmetics, molecular medicines, supplements and body care applications in the field of dentistry (Nista, Bettini; Mei, 2015; Bizarria, Davila, Mei, 2014; Kleinubing et al., 2014) .
The AgNPs possess superior antimicrobial properties compared to other salts, due to their extremely large surface area, which provides better contact with microorganisms (Rai, Yadav, Gade 2009) . Although the mechanism of action of silver nanoparticles on microorganisms is not fully understood, there are hypotheses that these nanoparticles can cause cell lysis or inhibit cell transduction (Prabhu, Poulose, 2012) .
Studies are being carried out to determine how to incorporate AgNPs into biopolymeric membranes (Ellison et al., 2014; Kanmani, Rhim, 2014; Rhim, Wang, Hong, 2013) , due to the biocompatibility of these polymers (Okamoto, John, 2013) with multiple biological systems and their enhanced antimicrobial activity (Guo et al., 2013; Madhumathi et al., 2010) . Materials based on cellulose like CA are a particularly good choice for preparing these films, due to their excellent performance characteristics; CA, for example, exhibits good toughness, high biocompatibility and relatively low cost (Han et al., 2013; Abou-Zeida et al., 2011; Ferjani et al., 2002) .
Polymeric blends have received considerable attention from researchers in recent decades as a means to improve the physico-chemical and mechanical properties of materials (Abou-Zeida et al., 2011) . Polymeric films made from the blends of CTS/PEO show better thermal, chemical, mechanical and conductive properties than do films of pure chitosan (CTS) or PEO, and moreover acquire additional functionalities due to specific interactions between the amino groups of chitosan and ether group of PEO (Zivanovic, Davidson, Kit, 2007; Alexeev et al., 2000) .
Hybrid nanomaterials have been developed for antimicrobial applications. Recent studies of nanofiber mat wound dressings made from multicomponent (chitosan/ silver-NPs/polyvinyl alcohol) systems showed synergistic antibacterial effects achieved by combining chitosan with Ag-NPs (Abdelgawada, Hudsona, Rojas, 2014) .
Many techniques have been employed to prepare nanofibers from polymers (Soyekwo et al., 2014) . Electrospinning is a technology that has been widely used as a new method for the production of fibers on the nanometer scale. The produced fibers have a high surface area to volume ratio and generate highly porous fibrilic films exhibiting excellent mechanical properties in comparison to other materials with the same scale. In the last decade, this preparation method has achieved prominence for its use in the production of biocompatible and biodegradable polymers (Khan, 2012) .
Electrospun nanofibers of karaya gum were blended with PVA to produce uniform nanofibers (PVA/ GK). Silver nanoparticles (Ag-NPs) were synthesized by chemically reducing AgNO 3 with the PVA/GK solution, the GK hydroxyl groups being oxidized to carbonyl groups, and the Ag+ cations being reduced to metallic AgNPs. These PVA/GK/Ag solutions were then electrospun to produce nanofiber membranes containing AgNPs (Ag-MEMs). The authors showed that the polymeric solution (PVA/GK/Ag) and the final AgNP-containing membrane (Ag-MEM) exhibited clear antibacterial activity toward Gram-negative E. coli and P. aeruginosa and Gram-positive S. aureus. These newly synthesized nanomaterials show great potential for the development of environmentally friendly antibacterial devices for medical, food packaging, and water purification purposes (Padil et al., 2015) .
In recent years, our research group has been dedicated to the study of nanostructured biopolymer membranes for application in the medical and dental fields (Nista et al., 2012; Nista et al., 2013; Nista, Bettini, Mei, 2015; Bizarria, Davila, Mei, 2014; Kleinubing et al., 2014) .
This work focuses on the synthesis, characterization, and comparative antimicrobial activities of AgNPs incorporated into nanostructured biopolymer membranes made from either a blend of CTS/PEO or CA when tested against both Gram-positive and Gram-negative bacteria.
MATERIAL AND METHODS

Material
All chemical reagents were of analytical grade and used without further purification. White cellulose acetate powder (Mr=29,000; degree of substitution = 40%); CTS obtained from crushed shells (middle-viscosity); PEO and silver nitrate (AgNO 3 , 99.0%) were purchased from Sigma-Aldrich Co. Acetone and N,N-dimethyl acetamide (DMAc) were supplied by Synth and Merck, respectively. Ultra-pure water was used to synthesize the AgNPs, and distilled water was used for the other syntheses.
Synthesis of AgNPs
AgNPs were synthesized in aqueous media by the chemical reduction of AgNO 3 , using NaBH 4 as a reducing agent and sodium citrate as stabilizer (Dutra et al., 2008 ). An equimolar solution of AgNO 3 and sodium citrate was maintained at approximately 4 °C under vigorous stirring for 30 minutes, while 0.01 mol L -1 of NaBH 4 was added dropwise. After that, the solution acquired a yellow turbid aspect, signaling that a colloidal Ag suspension had formed (Jana, Gearhearta, Murphy, 2001; Murphy, Jana 2002; Solomon et al., 2007) .
UV-Vis spectra and DLS
The formation of the nano-sized AgNPs was monitored by measuring the UV-Vis spectrum (Hitachi U-200) at approximately 400 nm (Solomon et al., 2007) and the size distribution was measured by DLS using a Malvern Zetasizer Nano series compact scattering spectrometer.
TEM analyses
The morphology of the AgNPs was observed by transmission electron microscopy (HR-TEM), using a JEOL JEM 3010 operating at 300 kV.
Preparation of CTS/PEO blends
Polymeric blends were prepared by mixing CTS and PEO solutions in the absence and presence of AgNPs. In a flask, 10 mL of CTS to 6% (w/w) was added, together with 10 mL of PEO at a concentration of 3% (w/v). This blend was stirred continually for approximately 2 hours to ensure complete homogenization. After this, approximately 10 mL of AgNPs-containing aqueous solution was added to the blend.
Electrospinning of CTS/PEO solutions
The electrospinning technique is based on electrostatic forces. Generally, the polymeric solution is maintained by its surface tension in the form of a drop at the end of a capillary metal. High voltage is applied to create an electric field between the capillary and the fiber collector, usually a grounded metal plate or a grounded rotating device (Figure 1) . Nanostructured membranes of CTS/PEO with and without AgNPs were made by the electrospinning technique, according to the methodology described by Vulcani et al. (2012) . The resulting blend of CTS/PEO was stirred magnetically for two hours before being electrospun. The preparations of the solutions, as well as the preparation of the blend solution and electrospinning, were run at room temperature. The flow rate of 1 mL h -1 was determined by the solution viscosity, and the distance between the needle tips to collector cylinder was 7.5 cm at an applied voltage of 20 kV (Vulcani et al., 2012) .
Preparation of CA polymer solutions
The polymer solutions were prepared in the presence and absence of AgNPs. The CA polymer solution was prepared by mixing 15% cellulose acetate into DMAc/ Acetone (1:2). This solution was stirred for approximately 2 hours to ensure its complete homogenization. The samples prepared in the presence of AgNPs were made by adding 5% of an aqueous solution (v/w) containing 20 mg L -1 of AgNPs into the CA solution.
Electrospinning of CA solutions
CA nanostructured membranes were successfully prepared by electrospinning the CA solution with and without AgNPs at room temperature (25 °C) and 50% humidity, using a 20 mL glass syringe fitted with a 4 cm long, 0.8 mm diameter metallic needle. The positive pole of a high voltage power supply (developed in our lab) was connected to the metallic needle of the syringe, while the ground electrode was used to ground the copper plate collector, which had dimensions of 30 x 40 cm. The feed stream was controlled by a KD Scientific pump, Model 100 (Campinas, Brazil) connected to a syringe. The distance from the needle to the collector was 10 cm; the applied voltage was 15 kV, and the flow rate was 1 mL h -1 . Nanostructured membrane samples were collected in aluminum foil used to coat the copper plate during the experiments (Nista et al., 2012) .
SEM analyses
SEM measurements were carried out using a fieldemission scanning electron microscope (Zeiss Supra 55 VP) and an SEM microscope (JEOL JSM 5900 LV). The samples were analyzed after being deposited on aluminum supports and coated with evaporated carbon. Images were obtained for each sample, with different magnitudes, which were analyzed using Image Tool® software to measure the average diameter of the 50 measurements registered by each sample.
Antibacterial activity
The antimicrobial activity of nanofibers based on CA and CTS/PEO biopolymers and impregnated with AgNPs was evaluated for their effectiveness against the Grampositive bacteria Staphylococcus aureus (S. aureus) (ATCC 29213) and Propionibacterium acnes (P. acnes) (ATCC 6919), and the Gram-negative bacteria Escherichia coli (E. coli) (ATCC 25992) and Pseudomonas aeruginosa (P. aeruginosa) (ATCC 17933). The microbiological analyses were performed in 24-well culture plates. The polymeric nanofibers in the absence and presence of AgNPs were deposited in the wells of a culture plate containing Nutrient Broth medium and bacterial solution at a concentration of 105 CFU mL-1. A positive control was performed only with the culture medium and bacteria. The plates were incubated at 37 °C and rotated at a rate of 60 rpm for 24 hours. After this incubation period, plating was performed by depositing 20 mL of each well into Petri dishes containing Plate Count Agar (PCA) culture medium. A positive control (growth) formed by culture broth containing bacteria and a negative control (sterile sample) formed by culture broth in which no microorganisms were included for each tested bacterial stock (Ridolfi et al., 2012) . Each concentration was tested in triplicate. The plates were analyzed in order to observe the inhibitory effect of bacterial growth relative to the positive control. Figure 2a shows the UV-Vis spectrum of AgNPs synthesized in aqueous medium, and Figure 2b shows the AgNPs incorporated in CA polymer solution.
RESULTS AND DISCUSSION
UV-Vis spectra and DLS analysis of AgNPs
At approximately 400 nm, a typical band arising from the plasmon effect of AgNPs was observed (Figure 2a ) (Solomon et al., 2007) . The resulting yellowish organic AgNP emulsion was characterized by DLS, and Figure  2c shows the size distribution of the Ag particles, with an average size of approximately 20 nm. The confirmation that the Ag nano-sized particles were preserved after their incorporation into the CA polymer solution was confirmed FIGURE 1 -a) Representative scheme of electrospinning equipment showing the spiral-shaped path of a jet using a grounded rotating device as a collector; b) Photograph of electrospinning process of a CTS/PEO blend with the addition of electrolyte using a grounded metal plate as a collector. through the appearance of the band characteristic in 400 nm UV-Vis spectrums, as seen in Figure 2b .
Nanosized Ag Particles
The morphology and size of the nano-scale Ag particles were observed and confirmed by HR-TEM. Figure 3 shows an image of AgNPs prepared in aqueous medium.
Analysis of the images obtained by HR-TEM confirmed the spherical shape tendency of the AgNPs and revealed a monomodal particle size distribution with an average diameter of 20 nm, estimated by measuring the diameter of 100 randomly selected particles in enlarged TEM images. The histogram in Figure 3b shows the particle size distribution fitted by one Gaussian curve. In addition, an average size for these AgNPs can be seen, corroborating the results observed for the DLS in Figure 2c .
Nanostructured membranes of CA and CTS/PEO blends in the absence and presence of AgNPs by electrospinning
As mentioned previously, CA nanofiber membranes and CTS/PEO blends were both prepared in the absence and presence of AgNPs synthesized in an aqueous media and incorporated into biopolymers by in situ techniques described above. This method consists of adding the AgNPs colloidal suspension to each one of the polymeric solutions, as CA and CTS/PEO. Figure 4 shows the CTS/ PEO images obtained by SEM and Figure 5 , by FEG, of CTS/PEO and CA, respectively, with AgNPs.
Nanofiber membranes were well formed, without beading, as shown in Figure 5 for both electrospun biopolymers. The average diameters of the CA and CTS/ PEO nanofibers electrospun with AgNPs were both in the nanometer range. As seen, the diameter of the fibers obtained in electrospinning experiments increased a little due to the amount of AgNPs added, but this did not interfere with the nanofiber membrane formation process. It was observed that the conductivities of the CA solutions increased in the presence of AgNPs, jumping from 8 to 12.5 µS cm-1, without and with AgNPs, respectively. Consequently, the potential applied during the electrospinning process needed to be decreased by 5 kV in order to form good nanofiber membranes. Figure 6 shows FEG images of nanofibers formed in the presence of AgNPs. With the aid of high-resolution FEG and higher magnification, AgNPs can be visualized as many white spots dispersed inside nanofibers of CA and CTS/PEO formed in the presence of AgNPs, shown in Figure 6b and Figure 6c , respectively. This phenomenon is not observed for those samples (nanofibers) made without Ag NPs (Figure 6a) .
The observed morphological aspects of the AgNPs (preferably spherical, see Figure 3 ) and the particle sizes as measured by DLS (Figure 2b ) and confirmed by TEM (see Figures 6c and 3 ) corroborate this interpretation. Further consideration of the micrographs obtained of the CA (Figure 6a ) and the CTS/PEO nanofibers by FEG in the absence of AgNPs, makes it clear that these white spots are not observed in these samples (nanofibers without AgNPs, Figure 6a) . Therefore, in comparing images made simultaneously on the same equipment and after the same nanofiber surface treatment, but only differing in whether they were made with or without AgNPs, it is possible that the white dots observed in the nanofibers that formed in the presence of Ag are indeed on the scale of NPs.
Antibacterial activity
The antibacterial activity of nanostructured biopolymer membranes made of CA and the CTS/ PEO nanocomposites with AgNPs and prepared using the in situ method, were tested against Gram-positive S. aureus (ATCC 29213) and P. acnes (ATCC 6919) microorganisms, as well as the Gram-negative E. coli (ATCC 25992) and P. aeruginosa (ATCC 17933). Table I illustrates the results obtained.
The microbiological analyses were performed on solid medium (plate method), so that the CA and CTS/ PEO nanofibers can be observed as in Figure 7 . In the case of the CA nanofibers, it was observed that in the presence of AgNPs (black dotted line) there was growth inhibition only for E. coli, a Gram-negative bacterium (Figure 7a ). The same methodology was performed with nanostructured electrospun membranes of CTS/PEO. In this case, bacterial growth inhibition was observed for P. acnes, a Gram-positive bacterium (Figure 7d , white dotted line). These results indicate that the nanofibers in the presence of Ag NPs are leaching onto some microorganism.
The results observed in the incubated Petri dishes corroborate the visual observations of the culture plates in relation to turbidity, which indicates bacterial growth. These results showed that both microbiological tests (carried out in triplicate) were reproducible and comparable.
Studies have shown that light, temperature and the presence of oxygen are important factors in redox behavior and therefore in the bactericidal effect of Ag in a material. In this way, it was demonstrated that Ag is reduced in the presence of light (Geranio, Heuberger, Nowack, 2009) and that Ag0 dissolution is accelerated when the temperature increases (Kittler et al., 2010) ; some exchanged Ag zeolites have a bactericidal effect only under aerobic conditions, while others have shown low antimicrobial effect under anaerobic conditions. Therefore, the physical conditions of the medium are important and should be considered in studies related to the bactericidal effect of Ag. However, when investigating the antibacterial effect of AgNPs, other aspects must be considered, including the crystallinity of the NPs, their geometry, size, surface area, surface oxidation, agglomerative state in the biological medium, the surface charge of the NPs, the functional groups present on the surface, and many others. Pal et al. (2007) showed that the triangular shape of AgNPs exhibited higher biocide action on the bacterium E. coli when compared to spherical or cylindrical NPs, and even to AgNO 3 , making it clear that different geometrical shapes of NPs have different reactivities and potencies.
A relevant factor in the evaluation of biocide action on different materials is their behavior against the bactericidal dose-dependent effect on the strains. Due to the complexity involved in determining the real bioavailability of Ag ions, values of minimum inhibitory concentration (MIC) to approximately 100 strains of S. aureus were reported, with a range between 8-80 mg L -1 when using AgNO 3 (Chopra, 2007) . Similarly, MIC values for Ag studied in approximately 100 strains of P. aeruginosa showed a range of 8 to 70 mg L -1 . These studies showed that some strains are resistant to Ag, and, in fact, the resistant mechanism of bacterial strains was isolated more than 70 years ago, and their Ag resistance mechanism has been investigated (Pal, Tak, Song, 2007; Yudkin, 1937) .
A very important aspect of Ag action on bacterial cells, which must be considered when discussing the inhibitory effect of Ag tested on different types of microorganisms, is the classification of the bacterium. Bacteria are commonly classified into Gram positive and Gram negative, depending on their cell walls. Grampositive bacteria have an extra thick peptidoglycan layer on the outer surface, while Gram-negative bacteria have an outer membrane behind which a thin peptidoglycan layer exists. This drastic difference in the nature of the cell boundaries is a great challenge for having a general antibacterial material against the bacteria (Gangadharan et al., 2010) .
Therefore, the biopolymeric nanofibers prepared by incorporating AgNPs can provide antiseptic properties required of new materials that could be used to great benefit in medical devices.
CONCLUSION
Microbial experiments suggested that CA electrospun nanofibers containing AgNPs showed a much better antimicrobial effect on the bacterium E. coli, a common pathogen affecting humans and other animals that is an important bacterium associated with hospital infections. In the case of the electrospun nanofiber membrane made of CTS/PEO impregnated with AgNPs, the growth inhibition effect was observed for Gram-positive bacteria, such as P. acnes, indicating that these membranes present bactericidal action through both contact and leaching action. The results observed in the incubated Petri plates corroborate the visual observation performed on culture plates in relation to turbidity. Thus, it is supposed that the electrospun CTS/PEO and CA nanofibers, both biopolymers and both made in the presence of AgNPs, with the demonstrated and strong antimicrobial activity could be used in various biomedical fields such as wound dressings, mesh grafts in burns, and tissue scaffolds. An assessment of the antimicrobial activity of the final products and other issues related to the understanding of this new material is under way in the laboratories of the authors. and Materials (LNNano/CNPEM) for technical support during electron microscopy work. We also acknowlwedge Brazilian Network on Nanotoxicology (MCTI/CNPq) and NanoBioss (MCTI) for support. We would also like to thank Nature Publishing Group for the certification of this manuscript review into an English Certified Edition. 
